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Denitrifying ‘woodchip’ bioreactors are an effective conservation practice to reduce nitrate-
nitrogen (NO3-N) loss from tile drained agricultural areas. They enhance the naturally occurring 
denitrification process via the addition of woodchips and maintenance of anoxic conditions. 
Bioreactors tend to be one of the most cost-effective options for treatment of tile drainage NO3-
N, but considering the scale of water quality goals, new approaches to bioreactors are needed to 
provide the most practical benefit, while limiting the amount of land taken out of production. 
Current bioreactor design considerations include a bypass flow pipe to prevent significant 
reduction of drainage capacity in the field. This practical need for a bypass pipe results in a 
portion of the annual flow volume being untreated which limits a bioreactor’s overall N removal 
performance. Bioreactors designed to be wider would potentially have greater flow capacity, 
minimizing this untreated water. To maintain a consistent surface area footprint and not encroach 
on cropped areas, a wider and shorter bioreactor could use baffles to elongate the flow path, 
forcing more effective reactor volume utilization. To test this, a new bioreactor (LWD: 16.8 x 
10.7 x .91 m; drainage treatment area: 14.2 ha) which included two flow-routing baffles was 
installed at the University of Illinois Dudley Smith Research Farm (Christian County, IL, USA) 
in October 2016. A series of potassium bromide conservative tracer tests were performed on this 
new design during 2018 as well as at three conventionally designed bioreactors to evaluate how 
the baffles impacted bioreactor hydraulic functioning. This new bioreactor had greater effective 
volume, lower dispersion, and less short-circuiting compared to the conventionally designed 
bioreactors. However, this did not necessarily translate into improved NO3-N removal. Overall N 
load reductions of 23-24% at the edge of the field were similar to many other published studies 
for bioreactors without baffles. There was 62-64% N removal for water treated in the bioreactor 
which translated into removal rates of 1.30-1.25 g N m-3 d-1 which were also similar to other 
studies. Additionally, while this bioreactor was relatively wide to maximize the percentage of 
flow treated, only 40-41% of the annual flow volume was treated. Although bioreactors are 
meant for N removal, there was unexpected dissolved P removal (23-24%), mechanisms of 
which should be investigated further. While the baffles did not lead to increased N removal 
compared to conventionally designed bioreactors, they did improve bioreactor volume 
utilization, and thus, the idea of bioreactors with baffles is an idea meriting further exploration at 
additional sites.   
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1. INTRODUCTION 
Nitrogen (N) is one of the essential macronutrients required by all plants and thus plays a key 
role in many agricultural systems. One specific form of N, nitrate-nitrogen (NO3-N), is often of 
environmental concern as it is highly susceptible to leaching from soils. Environmental health 
(e.g., N is the limiting factor for eutrophication in marine waters) and human health (e.g., 
methemoglobinemia/blue baby syndrome) are both threatened by excess NO3-N in water bodies. 
The presence of artificial subsurface drainage pipes (i.e., “tile” pipes) exacerbates NO3-N 
leaching and its transport to downstream waters. 
 
Artificial agricultural drainage systems are typically installed for one or a combination of three 
reasons: to improve trafficability especially in the early spring, to improve crop growth and 
yield, and to prevent salt accumulation in irrigated areas (Skaggs et al., 1994). The U.S. Midwest 
region’s naturally high water tables and poorly drained soils have required an extensive network 
of subsurface tile drainage since early settlement in the mid-1800’s (Kalita et al., 2007). The 
state of Illinois alone contains approximately 4 million ha of tile-drained soils (IEPA and IDOA, 
2015). Tile drainage on agricultural lands provides environmental benefits including reduced 
runoff and sediment losses (Skaggs et al., 1994). However, tile drainage also increases losses of 
dissolved nutrients such as NO3-N, with the magnitude of these losses dependent upon land use, 
management practices, soil type, and climate (Skaggs and van Schilfgaarde, 1999; Skaggs et al., 
1994).  
 
In the U.S. Midwest, there is currently no water quality regulation for discharge from agricultural 
subsurface drains in the United States (USEPA, 2017). State-based nutrient loss reduction 
strategies across the Mississippi River Basin support a voluntary approach to reduce nutrient loss 
from agricultural areas (e.g., IDALS, 2014; IEPA and IDOA, 2015). As a result, all nutrient loss 
solutions must be cost-efficient and practical to encourage their implementation (Christianson 
and Tyndall, 2011). Recommended agricultural conservation practices include in-field practices 
such as cover cropping and improved nitrogen management and edge of field practices including 
wetlands and denitrifying bioreactors (Christianson et al., 2016). 
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Denitrifying ‘woodchip’ bioreactors are excavated trenches filled with a solid carbon media 
(typically woodchips) placed at the edge of a field or between fields to encourage the 
denitrification of drainage water. Denitrification is the natural microbial conversion of NO3-N 
into dinitrogen gas (N2) (Tiedje, 1994). The denitrification process requires four components: 
NO3
- or another N oxide, a carbon source, anoxic conditions, and denitrifying bacteria (Korom, 
1992). Under suitable anoxic conditions, denitrifying bacteria use the carbon to fuel the 
denitrification process resulting in N2, bicarbonate HCO3-, and carbon dioxide (CO2) (Equation 
1). 
5C + 4NO3
- + 2H20 → 2N2 + 4HCO3
- + CO2  
          Equation 1 
Bioreactors enhance the natural process of denitrification by diverting NO3-N laden drainage 
water through a readily available carbon source and using control structures to manage the water 
to create anoxic conditions. Early versions of this concept were first studied in New Zealand and 
Canada in the 1990s (Blowes et al., 1994; Schipper and Vojvodić-Vuković, 1998).  
 
The amount of NO3-N removed by a denitrifying bioreactor is influenced by factors including 
water temperature (Feyereisen et al., 2016; Schipper et al., 2010), woodchip age (Addy et al., 
2016), and the amount of time the water spends in the bioreactor (hydraulic retention time; 
Christianson et al., 2012b;). The Iowa and Illinois Nutrient Reduction Strategies reported 
bioreactors reduce annual NO3-N loss by 43 and 25%, respectively (IDALS, 2014; IEPA and 
IDOA, 2015). However, this can vary depending on the site and year with bioreactors in Iowa, 
Illinois, New York, Maryland, and Canada removing between 9-62% of the annual NO3-N load 
(Christianson et al., 2012a; Husk et al., 2017; Rosen & Christianson, 2017). Another way to 
assess bioreactor effectiveness is to evaluate the N removal rate which is calculated as g N 
removed per m3 of the bioreactor per day (g N m−3 d−1). In a past review, Schipper et al. (2010) 
reported denitrification beds (i.e., bioreactors) had an average N removal rate of 3.96 g N m−3 d−1 
which compared reasonably well with a more recent meta-analysis by Addy et al. (2016) who 




While denitrifying bioreactors are designed for NO3-N removal, some bioreactor studies have 
observed phosphorus (P) removal as well. As woodchips are known to contain P, which can 
leach, there is much discussion within the scientific community as to whether bioreactors are a 
source or a sink for dissolved phosphorus in drainage water. Sharrer et al. (2016) found that 
when a bioreactor was first operational the woodchips were a source of phosphorus, but later 
observed dissolved reactive phosphorus (DRP) removal at low flow rates with a maximum DRP 
removal efficiency of 54%. Husk et al. (2018) also reported initial woodchip P leaching but 
additionally found that the potential for P removal over a longer period time depended on P 
species. A woodchip bioreactor study conducted on a commercial fish farm in Denmark also 
observed orthophosphate leaching at the time of start-up, but this declined by 98% within three 
days, and by week 15, there was no net release of TP or orthophosphate (von Ahnen et al., 2016).  
These findings support evidence of a bioreactor P-leaching phase followed by neutral or positive 
TP removal. The bioreactor meta-analysis by Addy et al. (2016) concluded a second meta-
analysis should be conducted exclusively for P when additional data become available.  
 
Subsurface drainage bioreactors are currently designed on an individual basis due to a variety of 
field-specific factors (e.g., flow rate, effective porosity of available chips). The United States 
Department Agriculture Natural Resources Conservation Service (USDA NRCS) Conservation 
Practice Standard 605 for denitrifying bioreactors, which was influenced by the design methods 
proposed in Christianson et al. (2011) and Cooke & Bell (2014), is currently the guiding design 
standard for this practice (USDA NRCS, 2017). This practice standard advises that bioreactors 
be designed to treat at least one of the following: 15% of the drainage system’s peak flow rate, 
60% of the long-term average annual flow volume, or the peak flow from a 10-year, 24-hour 
drainage event (USDA NRCS, 2017). The NRCS standard also requires bioreactors be designed 
for a minimum hydraulic retention time of 3 h at the peak flow capacity (USDA NRCS, 2017). 
Hydraulic retention time (Equation 2), or the theoretical amount of time it takes for water to 
travel through the bioreactor, is defined as:  






Where T was theoretical hydraulic retention time (h), ρ was the woodchip porosity (ratio of 
woodchip pore volume to total volume, as a fraction), V was the bioreactor saturated volume 
(m3), and Q was the average flow rate (m3/h) (Fenton et al., 2016; Feyereisen et al., 2016; 
Hoover et al., 2017). If the retention time is too short, it may not allow dissolved oxygen to be 
consumed to sufficiently low concentrations to create the anoxic conditions needed for 
denitrification. Higher retention times usually correlate with greater percent N reductions (N 
removal efficiencies) up to 100%, but also lower N removal rates as hydraulic loading is reduced 
(Lepine et al., 2016).  
 
Bioreactors treating tile drainage are designed to allow bypass flow during high flow events to 
prevent significant reduction of drainage capacity in the field. This practical need for a bypass 
pipe results in a portion of the annual flow volume being untreated, thus reducing the overall 
NO3-N load reduction potential. Bioreactors across literature have treated 13-99% of the total 
annual drainage volume. Christianson et al. (2012a) reported treatment of 51-100% (83±17%; 
mean ± standard deviation) of the annual drainage flow across 14 bioreactor site-years in Iowa 
and Hassanpour et al. (2017) reported similar values of 63-100% flow treated (n = 3 site-years, 
81±20%). A study in Maryland reported a slightly lower average of 48±34% (n = 5 site-years, 
13-98%; Rosen & Christianson, 2017).  
 
One potential solution to maximize the volume of water treated would be to over-design 
bioreactors, although this would potentially remove land from production and be less desirable to 
landowners. Another option would be to maintain a consistent surface footprint and design 
bioreactors wider at the expense of length. Currently, narrow bioreactors may be restricting the 
inflow water volume due to the relatively narrow width which has been recommended to 
maintain a length to width ratio of at least 4:1 to achieve plug flow conditions (Persson et al., 
1999). Maintaining a consistent surface area footprint with a wider bioreactor would sacrifice 
bioreactor length which is critical for achieving adequate treatment retention times. An 
engineering solution for this could be to add baffles which are a feature that is used to regulate or 
direct the flow path (Tchobanoglous et al., 2003; David, 2014). Technically, the addition of 
baffles in a reactor does not change the hydraulic retention time, as can be seen from Equation 2; 
that is, baffles do not change the actual volume used in the equation. Rather, baffles are an 
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approach to elongate the flow path and force a more effective reactor volume utilization. Taken 
together, a wider bioreactor with baffles may help achieve a higher percentage of the flow treated 
while not sacrificing sufficient treatment.  
 
The aim of this study was to evaluate a new wider full-sized bioreactor design which included 
flow-routing baffles. These baffles were intended to elongate the flow path of the water through 
the bioreactor and to increase the bioreactor’s effective volume. The specific objectives were to 
(1) evaluate the hydraulic performance of this novel bioreactor design compared to existing 
“conventional” bioreactors using tracer testing, and (2) assess the NO3-N and dissolved 
phosphorus (PO4-P) removal performance of this bioreactor. 
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2. METHODS 
2.1 Site Descriptions 
2.1.1 Advanced Bioreactor with Baffles  
A denitrifying woodchip bioreactor (16.8 x 10.7 x 0.91 m) was installed with two plastic flow-
routing baffles at the University of Illinois Dudley Smith Research Farm (Christian County, 
Illinois) in October 2016 (Figure 1; Table 1). The bioreactor was located in the northeast corner 
of a 42.9 ha field cropped to continuous corn (Zea mays L.) during the study period. The 
bioreactor received subsurface drainage from an estimated 14.2 ha of drainage research plots (9 x 
0.81 ha plots plus border tiles; 9.5 mm/d drainage coefficient; 25.4 cm diameter main tile). Two 
4.9 m baffles made from plastic anti-seep sheets (6 mm thick high-density polyethylene; 
Springfield Plastics, Auburn, IL, USA) were installed 5.8 m from the inflow and 5.5 m from the 
outflow. A plastic liner minimized interaction with groundwater (20 MIL thickness; Midwest 
Construction Products Corp., Ft. Myers, FL, USA), and the woodchips were covered with 
geofabric to separate them from the soil cover (GeoForce brand; Midwest Construction Products 
Corp., Ft. Myers, FL, USA).  
 
Figure 1. Diagram of the Advanced Bioreactor with baffles and monitoring wells (numbered in 
red) installed in Christian Co., Illinois in October 2016. Generalized flow direction noted with 
blue arrows. 
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One control structure was placed on the 25 cm main to divert water into the bioreactor, and a 
second structure was placed to control bioreactor saturation level through the use of movable 
stop logs. The bioreactor was designed to achieve a 3 h hydraulic retention time at a design flow 
rate of 6.9 L s-1, which was estimated to be 75% of the peak tile flow rate. Consistent with the 
design conditions, the inflow and outflow control structure stop log heights were set to 76 and 31 
cm, respectively, except for when the outflow structure stop logs were removed during summer 
low flow conditions. 
 
2.1.2 “Conventional” Bioreactor Comparison Sites 
Hydraulic performance of the Advanced Bioreactor was compared with three relatively 
conventionally designed bioreactors (Table 1). Two of the three sites were designed consistently 
with the USDA NRCS Denitrifying Bioreactor Conservation Practice Standard 605 and were 
installed in Illinois in the summer of 2017 (USDA NRCS, 2017). The exception was the Iowa 
State University Northeastern Research Farm bioreactor (NERF) which was designed by Iowa 
8 
State University researchers, installed in 2009, and has been previously described by 
Christianson et al. (2012a, 2013). The comparison bioreactors each received subsurface drainage 
from 2.8 to 20.2 ha which were under conventional US Midwestern cropping systems (i.e., 
generally, a corn and soybean [Glycine max] rotation). Another key difference between the four 
comparison sites was that the woodchips at the Mercer County bioreactor were chipped 
municipal storm debris obtained free of charge, which exhibited unique physical and chemical 
properties compared to the other woodchips.  
 
2.1.3 Woodchip Analyses 
Woodchips from the Advanced Bioreactor and two of the conventional bioreactors were 
analyzed at the University of Illinois at Urbana-Champaign for moisture content, porosity, bulk 
density, and particle size (Table 2). Woodchip characteristics were previously reported for the 
NERF bioreactor (Christianson et al., 2010).  However, these characteristics have likely changed 
over time due to biological processes. Porosity and bulk density were estimated in triplicate for 
each woodchip type by packing 1 L glass jars (Ball Corporation, Broomfield, CO, USA) in four 
tamped layers, filling with water, and allowing to equilibrate overnight. They were calculated as 





          Equation 3 
Where ρ was the total porosity (in percent), the volume of voids was the mass of the water (g) in 
the woodchip-filled jar divided by the density of water (g/mL), and the total volume was the total 






Where ρb was bulk density (g/cm
3) consisting of oven dried weight of woodchips (g) and bottle 
volume (cm3). Moisture content was estimated in triplicate on the day of porosity testing by 
drying a subset of woodchips at 70˚C until a constant weight was achieved. Particle size analysis 
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was performed in triplicate using standard methods (ANSI/ASABE, 2007; 38.1, 25.4, 19.1, 12.7, 
6.4, 3.2, and 1.7 cm sieves for all but the Mercer Co. chips which also required a 102 cm sieve; 
Shaker Table Model Rx-812 WSTyler, Mentor, OH, USA). These data were used to calculate the 
D10, D50, D90 and uniformity coefficient (UC) of each type of chip. The D values refer to the 
interpolated size (or, particle diameter) below which the subscript value (10, 50, 90) percentage 
by mass are smaller; in other words, a D10 of 5.0 mm indicates 10% of the media, by mass, were 
smaller than 5.0 mm. The UC represents the sample uniformity by dividing the D60 by the D10. 
Woodchip carbon (C), N, and phosphorus (P) analyses were performed on a combustion analyzer 
(C and N) or using a digestion method (P) (Brookside Laboratories Inc., New Bremen, OH, 
USA; Elementar EL Cube; Thermo Fisher Scientific 6500 Duo ICP, Ronkonkoma, NY, USA). 
Prior to nutrient analyses, woodchips were dried at 60˚C for 48 h and then ground using a Wiley 
Mill (Thomas Scientific, Swedesboro, NJ, USA) with a 1.0 mm screen.  
 
Table 2. Woodchip characteristics for the Advanced Bioreactor and two of the conventional 
bioreactors. The Mercer Co. bioreactor woodchips were not to USDA NRCS specification but 
were sourced for free. UC, C, N, and P represent uniformity coefficient, carbon, nitrogen, and 
phosphorus content, respectively.  
 -- Particle size analysis --   ------- Nutrient Content ------- 
 D10 D50 D90 UC Bulk 
Density 
Porosity C N P C:N 
Ratio 
 -------- mm -------- --- kg m-3 % -------------%----------- --- 
Advanced 
Bioreactor 
7.8 15 25 2.0 214 74 48.3 0.16 0.013 299 
IL FB 
Henry Co. 
9.3 16 25 1.9 199 72 48.3 0.23 0.022 235 
Mercer Co. 3.9 17 271 6.6 125 82 47.3 0.79 0.092 60 
 
2.2 Bioreactor Monitoring  
2.2.1 Tracer testing (All Bioreactors) 
Conservative tracer tests are a simple and effective approach used to evaluate reactor hydraulic 
performance and retention time characteristics (Tchobanoglous., et al., 2003). These tests help 
identify non-ideal reactor flow regimes such as dead zones, where water becomes trapped and 
short-circuiting, where an unexpected portion of the flow exits the bioreactor sooner than 
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expected. Additionally, tracer tests can be used to compare the theoretical retention time with the 
mean tracer residence time to evaluate if the bioreactor is functioning as intended. Denitrifying 
bioreactor tracer tests commonly use chloride or bromide as a conservative tracer, so called 
because these molecules do not significantly absorb to or react with woodchip surfaces and these 
molecules behave similarly to nitrate (Ghane et al., 2015; Hoover et al., 2017).  
 
Three conservative tracer tests were performed at the Advanced Bioreactor (“treatment”) and 
three tests were performed at the more conventionally-designed bioreactors (“controls”) between 
April and June 2018 (Table 1). Each test began by pouring a concentrated potassium bromide 
(KBr) solution (Table 3) into the inlet control structure in under one minute at a steady pace 
when no bypass flow was occurring. Bioreactor outlet samples were collected using two auto-
samplers (Teledyne ISCO model 3700, Lincoln, NE, USA), with hand grab sampling performed 
as a backup method. The sample timing was staggered to ensure sufficient capture of eluted KBr 
given the estimated flow rate and was based on capturing multiple pore volumes based on the 
theoretical hydraulic retention time (Kadlec and Wallace, 2009). The mass of KBr required for 
each tracer was calculated based on the estimated bioreactor pore volume, the solubility of KBr, 
and analytical bromide-detection limit (Lachat Quickchem method Bromide 18-135-21-2-B, 
Loveland, CO, USA). Flow rates during the tracer tests were calculated based on a series of 
hand-measured flow depths in the outflow control structure and using the appropriate weir 
equation for each bioreactor.   
 
Table 3. Start time and tracer solution details for six potassium bromide (KBr) conservative 
tracer tests performed at four bioreactors in 2018. 






 MM/DD/YY 00:00 Kg L g Br L-1 
NERF 04/01/18 10:30am 4.1  18.9 140 
Advanced Bio 1 04/09/18 11:45am 3.5 18.9 113 
Advanced Bio 2 04/23/18 11:32am 3.5 18.9 120 
IL FB Henry Co. 05/06/18 11:45am 0.1 8.0 76.9 
Mercer Co. 05/13/18 11:50am 1.5 7.0 139 
Advanced Bio 3 06/17/18 11:50am 3.5 18.9 111 
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Tracer testing allows evaluation of several metrics, or tracer testing statistics, which were 
calculated for all tests. The mean tracer residence time (t, Equation 5) is the average amount of 
time it takes for the tracer slug to move through the reactor:  





Where t was mean tracer residence time, ti was time at the i
th measurement, ci was the 
concentration at time i, and Δti was change in time (Tchobanoglous et al., 2003). Using the same 
variables, the variance of the mean tracer residence time (σ, Equation 6) is used to shows the 
variation in the time it takes for the tracer slug to move through the reactor (Tchobanoglous et 






Tracer residence time, the measure of in-situ retention of the tracer can be compared against the 
theoretical retention time (Equation 2) to assess reactor volume utilization, that is, the reactor’s 






If the tracer residence time is longer than the theoretical hydraulic retention time, the effective 
volume is greater than 1.0, which indicates the reactor is operating more effectively than its 
dimensions and that specific flow rate would indicate. On the other hand, if the mean tracer 
residence time is shorter than the theoretical hydraulic retention time, the effective volume will 
be less than 1.0 meaning the reactor volume is possibly being underutilized. These conditions 
indicate possible occurrence of a dead zone and associated short-circuiting around the dead zone 
causing the tracer to exit earlier than expected (i.e., t < T). In this case, the reactor is not using 
the entire volume, and the resulting e is less than 1.0 (Thackston et al., 1987).  
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The Morrill Dispersion Index (MDI; Equation 8) is an indicator of dispersion of the tracer 
throughout the reactor (Tchobanoglous et al., 2003).  





Where t10 and t90 were the time in which 10 and 90% of the tracer passed through the reactor, 
respectively. A high MDI indicates the tracer spread out within the reactor chamber and the 
resulting tracer curve will be wide rather than sharply peaked. The MDI would be 1.0 for a 
theoretically ideally operating reactor, and an MDI of 2.0 or less is considered to represent 
effective plug flow through the reactor (USEPA, 1986).  
 
Hydraulic efficiency (λ, Equation 9) is the ratio between the time to the tracer peak and the 
theoretical hydraulic retention time: 





Where tp was the time at which the peak concentration of the tracer test was observed (h). A 
theoretically ideal reactor would have a tracer peak elute when exactly one pore volume had 
been eluted, which would equate to one hydraulic retention time, and thus λ=1.0. Hydraulic 
efficiency can be defined as “good”, “satisfactory”, or “poor” with λ > 0.75, 0.5< λ≤0.75, or λ≤ 
0.5, respectively (Persson et al., 1999). 
 
Short-circuiting is considered a non-ideal flow regime because a portion of the water flows 
through the reactor with a relatively lower treatment time than intended. Tchobanoglous et al. 





potential causes of this phenomena. A Short-circuiting Index (S; Equation 10) provides a relative 
comparison of this effect between reactors (Ta and Brignal, 1998). 





With t16 and t50 being the time at which 16 and 50% of the tracer passed through the reactor, 
respectively. An S nearer to zero indicates the reactor may be experiencing short-circuiting (i.e., 
t16 is much lower than t50), and S values nearer to 1.0 reflect a more ideally performing reactor 
(Ta and Brignal, 1998).  
 
As the sample sizes for this study were small (n = 3) for both the control (conventional 
bioreactors) and treatment (Advanced Bioreactor) groups, and the tests at the Advanced 
Bioreactor were technically a repeated measures procedure, traditional statistical analysis was 
not applied. However, in large-scale applications such as this, the tracer testing metrics 
themselves can be treated as “statistics” for comparison. While the flow rates and bioreactor 
dimensions each differed, the tracer tests were comparable because the theoretical hydraulic 
retention times, which can be used to normalize such differences in flow rates and dimensions, 
were similar across all tests (ranging from 13-23 h). 
 
2.2.2 Nutrient Removal Performance (Advanced Bioreactor Only) 
Inflow and outflow water quality monitoring was initiated in February 2017 (five months after 
bioreactor installation) using automated samplers and pressure transducers for continuous flow 
monitoring (Teledyne ISCO model 6712 with 720 submerged probe modules, Lincoln, NE, 
USA). One daily 800 L composite sample (200 mL collected 4 times per day, composited into 
one bottle) was obtained from both sampling locations. Samples were collected from the site 
weekly and brought on ice to the lab at the University of Illinois at Urbana-Champaign where 
they were filtered (0.45 µm disposable membrane filters) then frozen until analysis (within 28 
days) for NO3-N and PO4-P (Lachat Quickchem, 10-107-04-1-A, and 10-115-01-1-A, Loveland, 
CO, USA).  
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The flow depth in both the inflow and outflow control structures was logged every fifteen 
minutes and later compiled into average daily water depths. The pressure transducer in the 
inflow structure allowed for the calculation of bypass flow during periods of overflow through 
the v-notch weir stop log, whereas the pressure transducer in the outlet structure allowed 
calculation of how much water exited the bioreactor (i.e., treated flow) assuming no water was 
lost from the lined bioreactor. The summation of flow volumes calculated using the inflow 
(bypass flow) and outflow (bioreactor flow) pressure transducers allowed for estimation of total 
flow from the field. Custom 45˚ rounded bottom v-notch weir stop logs (Agri-Drain, Adair, IA, 
USA) were placed in the control structures to facilitate flow rate calculations, particularly at low 
flow rates. Manufacturer supplied flow equations (Equation 11, Equation 12; supplied in 
Imperial units only) were used after correcting the logged water depths by the logged barometric 
pressure and the measured stop log height in each control structure. Control structure water 
depths were also recorded by hand for on-site validation starting fall 2017 (Kolor Kut Products 
Co, LTD, Houston, TX, USA). 
𝐼𝑓 𝐻 ≤ 6.56, 𝑄 = (2.5866𝐻)2.0464 
Equation 11 
𝐼𝑓 𝐻 > 6.56, 𝑄 = (2.5866𝐻)2.0464 + Q𝑓𝑙𝑎𝑡 𝑤𝑒𝑖𝑟 
Equation 12 
Where H was the height of water above the bottom of the v-notch (inches), W was the width of 
the weir (inches), Q was the flow rate of water over the weir (gpm), and Qflat weir is also a 
manufacturer supplied equation depending on the size of the control structure. Post-processing of 
flow data included setting maximum governors for the bypass flow rate based on the 25 cm tile 
pipe (14.5 L s-1 assuming full pipe flow and 0.1% site grade) and for the bioreactor flow rate 
based on Darcy’s Law and the hydraulic gradient across the bioreactor bottom (saturated 
hydraulic conductivity of 4.5 cm s-1; Feyereisen et al., 2016).  
 
Nitrate-N and PO4-P mass loads entering, exiting, and bypassing the bioreactor were calculated 
by multiplying the incremental flow volume prior to a sampling event by that sampling event’s 
nutrient concentration, and then summing those incremental loads over the monitoring period. 
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The overall load from the field and the overall load sent downstream were calculated as the load 
entering the bioreactor + bypass load and the load exiting the bioreactor + bypass load, 
respectively. The N removal efficiency (i.e., percent N load reduction) was calculated for both 
water treated in the bioreactor (“Bioreactor removal efficiency”) and across the entire system 
(“Overall removal efficiency”; including untreated bypass flow) by subtracting the outgoing load 
from the entering load and dividing by the entering load. Nutrient removal rates were calculated 
by dividing the cumulative mass of the nutrient removed over the monitoring period by the 
volume of the bioreactor (164 m3) and by the count of days in the period (including days of no 
flow).  
 
Twelve 2.13 m tall, 5 cm diameter PVC sampling wells (screened 31 cm from the bioreactor 
bottom) were placed in a grid pattern (Figure 1) following the assumed bioreactor flow path. 
Water samples were collected approximately monthly during flow periods in each well after 
measuring the depth to water (Solinst water level meter Model 102M, Sacramento, CA, USA), 
purging at least 3.8 L (i.e., approximately three times the well volume), and re-measuring the 
depth to verify the wells had re-filled (100 mL sample; Whale Pump mini 50 WP4012, Bangor, 
County Down, Northern Ireland). Samples were transported, filtered, and analyzed following 
previously mentioned methods. Following well sample collection, dissolved oxygen and oxygen 
reduction potential (ORP) (YSI Professional Plus 1020 capable ORP/DO probe, Yellow Springs, 
OH, USA) were measured. Potential maximum and minimum flow path lengths inside the 
bioreactor were estimated based on bioreactor dimensions and were averaged to show well 
sampling values along the flow path. 
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3. RESULTS AND DISCUSSION 
3.1 Tracer Testing 
Tracer tests at the Advanced Bioreactor showed this bioreactor with baffles had a greater 
calculated effective volume, ranging from 1.26-1.73, compared to the conventionally designed 
bioreactors which ranged from 0.17-1.06 (Table 4). This evidence supported the design 
hypothesis that the baffles in the Advanced Bioreactor would create conditions for better reactor 
volume utilization. The advanced and conventional design’s theoretical hydraulic retention times 
during the test (13-20 vs. 18-23 h; Table 4) and tracer residence times (16-35 vs. 3-25 h; Table 4) 
generally overlapped, which indicated the resulting metrics were comparable across all tests. 
These tests were performed within the range of theoretical retention times reported for 
bioreactors in previous studies (i.e., minutes to days; Christianson et al., 2012b). 
 
The advanced design also resulted in significantly lower dispersion and less short-circuiting 
compared to the conventional designs. For example, the Morrill Dispersion Index ranged from 
2.29-2.98 versus 3.15-3.59 and the short-circuiting index ranged from 0.65-0.69 versus 0.53-0.64 
(Table 4) for the two types of designs, respectively. While all the dispersion indices were 
relatively high (e.g., 2.0 is considered representative of effective plug flow; USEPA, 1986), the 
lower Morrill Dispersion Indices from the advanced design meant there was relatively less 
dispersion of the tracer within that bioreactor. Woodchip bioreactors in previous studies 
(conventional designs) have had Morrill Dispersion Indices ranging from 2.8-4.2 (Christianson et 
al., 2013; Hoover et al., 2017), relatively consistent with the values here. A higher short-
circuiting index associated with the advanced design (i.e., closer to 1.0, meaning the t16 and t50 
were relatively more similar per Equation 10) indicated a lower likelihood of short-circuiting or 





Table 4. Bioreactor tracer metrics (Equations 2 and 5-10) from three tracer tests performed at the Advanced Bioreactor with baffles 
and one tracer test each performed at three conventionally-designed bioreactors in Iowa and Illinois.  
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 m3 --- L s-1 h h --- h --- --- --- % 
Advanced 
Bioreactor 1 
51.9 3.39 1.15 13 16±7.3 1.26 10 2.98 0.68 0.82 90 
Advanced 
Bioreactor 2 
49.6 3.38 0.67 20 35±12 1.73 31 2.29 0.69 1.52 78 
Advanced 
Bioreactor 3 
50.2 4.39 0.84 17 22±11 1.34 18 2.81 0.65 1.10 94 
NERF 56.5 2.51 0.67 23 25±10 1.06 19 3.23 0.53 0.81 158 
IL FB Henry 
Co. 
7.92 3.57 0.11 20 20±10 0.99 16 3.59 0.60 0.81 44 
Mercer Co. 12.4 1.10 0.19 18 3.1±1.6 0.17 2.2 3.15 0.64 0.12 15 
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The Advanced Bioreactor’s e, MDI, S were all closer to the ideal values and indicated the 
advanced design was performing more efficiently than the conventional bioreactors, and in fact, 
the Advanced Bioreactor design did exhibit greater hydraulic efficiencies (λ) compared to the 
conventional designs (Table 4; Advanced: 0.82-1.52; conventional: 0.12-0.81). A theoretically 
ideal reactor would have a hydraulic efficiency of 1.0, and Persson et al. (1999) stated values 
greater than 0.75 indicate “good” hydraulic performance. All the hydraulic efficiency values 
except the Mercer Co. test fell within the “good” category, with the Advanced Bioreactor having 
two tests that exceeded the ideal λ =1.0 (Table 4). The Advanced Bioreactor tended to have the 
tracer peak elute later than the conventional designs, generally at greater than 1.0 cumulative 
pore volumes (Figure 2). This may serve as an indication of an elongated flow path relative to 
the dimensions of the Advanced Bioreactor, as the theoretical retention time used in the 
hydraulic efficiency calculation is based upon the physical dimensions of the reactor.  
 
There were some other general nuances of these tracer tests which could have been related to 
specific features of each bioreactor. For example, the NERF bioreactor was the oldest bioreactor 
tested (9 versus 1-2 y; Table 1), and this tracer test had the lowest short-circuiting metric (0.53) 
indicating relatively greater potential for short-circuiting at this site. It is possible that some 
preferential flow paths developed over time as the woodchip properties changed. Christianson et 
al. (2013) performed a tracer test at this bioreactor in May 2011 and reported an effective volume 
of 0.55, hydraulic efficiency of 0.40, a short-circuiting value of 0.76, and a MDI of 3.2. Since 
that time, there has been an improvement in the effective volume (1.06) and hydraulic efficiency 
(0.81), no notable change in dispersion (3.23), and increased likelihood of short-circuiting 
occurring (0.53) (Table 4). These changes indicate the NERF bioreactor may now be using its 
internal volume more effectively, with a reduction in dead zones as suspected in the earlier work, 
although with increased potential for preferential flow paths. Importantly, comparison of these 





Figure 2. Treatment tracer testing curves (a: Advanced Bioreactor tests 1, 2, 3) versus control 
curves (b: NERF, IL Farm Bureau Henry Co., Mercer Co.) with concentrations normalized to the 
highest outflow bromide concentration for each test. The dashed vertical line indicates 1.0 
cumulative pore volume when a theoretically ideal tracer test would peak. 
 
The NERF and Henry Co. bioreactor tracer tests were remarkably similar (Figure 2b), despite 
large differences in bioreactor volume (Table 1), pore volume (Table 4), and age. The Henry Co. 
20 
 
tracer test resulted in slightly higher dispersion and lower potential for short-circuiting compared 
to the NERF tracer, but in general, both designs resulted in effective plug flow (that is, no 
internal mixing within the reactor; Kadlec and Wallace, 2009). These two bioreactors had the 
highest length to width ratio (> 5.0; Table 1), which is known to be important for achieving plug 
flow (Persson et al., 1999).  
 
The Mercer Co. bioreactor was installed with chipped storm debris obtained for free which was 
notably different than the woodchips used in the other bioreactors (e.g., uniformity coefficient, 
bulk density, porosity; Table 2). It is possible this bioreactor’s different bulk density and 
porosity, in particular, may have resulted in the extremely early peak and very low effective 
volume and hydraulic efficiency (0.17 and 0.12, respectively; Table 4). Further tracer testing 
here will be important to establish if this was the case, as the cost of this bioreactor’s installation 
was very low (≈$4,000) due in part to the free fill media.  
 
3.2 Advanced Bioreactor Nutrient Removal Performance 
3.2.1 Nitrate-N Removal  
The Advanced Bioreactor design resulted in 23 and 24% overall N load reduction in Years 1 and 
2 (3.19 and 3.98 kg N ha-1 removed, respectively), considering only 40 and 41% of the flow from 
the field was routed into the bioreactor during the two years, respectively (Table 5; Figure 3c). 
Rainfall during these two periods was 506 and 970 mm, with approximately 24 and 20% of this 
occurring as drainage from the field (some of which was treated, some of which bypassed). The 
water routed into the bioreactor had 64 and 62% of the N load removed, equating with N 
removal rates of 1.30 and 1.25 g N m-3 d-1 for the two periods (Table 5). Bioreactor influent 
nitrate-N concentrations ranged from 0.01-22 mg N L-1 (Figure 3a) with the highest values 
corresponding with flow events following freezing and/or dry periods (e.g., February 2017 and 
2018) and following pre-plant and side-dress fertilizer applications (May and June 2017; May 
and June 2018). Regardless, influent nitrate concentrations were often below the U.S. EPA 
maximum contaminant level of 10 mg L-1 NO3-N (USEPA, 2018), and the bioreactor effluent 
concentrations only exceeded this level three times (28 April 2017 and 20-21 February 2018; n = 
311 effluent NO3-N samples). 
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Table 5. Nitrate-N and dissolved phosphorus removal at the Advanced Bioreactor during the first 
two years of operation (07 February 2017 through 31 July 2018; assessed by water year). 
Bioreactor and Overall N removal efficiency (%) reflected the percentage of nitrate removed 
from water that was treated and from total water from the field (treated + bypass), respectively. 
Removal rates were based on the total bioreactor volume and the total number of days monitored 



























 % kg N ha-1 % % g N m-3 d-1 g P ha-1 % % g P m-3 d-1 
2017 40 3.19 64 23 1.30 26.0 72 24 0.011 
2018 41 3.98 62 24 1.25 246 74 23 0.077 
 
While the tracer testing indicated the Advanced Bioreactor was potentially a more effective 
design hydraulically, this did not necessarily result in increased nitrate removal performance 
compared to other bioreactors in literature. For example, the Illinois Nutrient Loss Reduction 
Strategy assigned bioreactors a 25% NO3-N load reduction (IEPA and IDOA, 2015), and the 
performance of the Advanced Bioreactor was close to this literature review-based value (23 and 
24%; Table 5). While other full-size bioreactors range in effectiveness from 9-62% N load 
reduction at the edge of the field, many of the published values average around approximately 
30% N removal (Christianson et al., 2012a; Husk et al., 2017; Rosen & Christianson, 2017)  
 
The Advanced Bioreactor N removal rates (1.30-1.25 g N m-3 d-1, Table 4) were lower than the 
mean removal rate of 4.70 g N m-3 d-1 for denitrifying beds reported in the recent bioreactor 
meta-analysis, although this published mean may have been skewed slightly higher due to the 
inclusion of several wastewater studies (Addy et al., 2016). The rates here were very consistent 
with the reported ranges of other tile drainage bioreactors. Christianson et al. (2012a) reported 
annual N removal rates ranging from 0.38 – 7.76 g N m-3 d-1 from four bioreactors across Iowa, 
and Rosen and Christianson (2017) reported removal rates of 0.21-5.36 g N m-3 d-1 for three tile 




Figure 3. Advanced bioreactor influent and effluent nitrate-N concentrations (a), bioreactor and 
bypass flow rate (b), and cumulative nitrate-N loads (c) for nearly two years of monitoring. 
 
An important design objective was to maximize the amount of flow treated while minimizing the 
bypass flow. The Advanced Bioreactor’s treatment of 40 and 41% of the total annual drainage 
water (Table 5) was less than across reported literature where many values are between 60-95% 
(Christianson et al., 2012a; Hassanpour et al., 2017; Husk et al., 2017; Rosen & Christianson, 
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2017; Verma et al., 2010). This further confirmed that while the Advanced Bioreactor was well-
functioning, it was not improving performance beyond previous observations. The drainage flow 
at this research site in particular appeared relatively flashy (Figure 3b) which might have at least 
partially accounted for the relatively lower percentages of drainage volumes treated. Due to the 
nature of full-size bioreactor trials, there can be no true “control” against which to compare this 
design. It is possible that a more conventionally designed bioreactor in place of the Advanced 
Bioreactor would have treated even less water, as a conventional design would likely have been 
narrower (i.e., the inflow manifold length might have restricted flow in a conventional design).  
 
3.2.1.1 Advanced Bioreactor Well Monitoring 
Tracer testing provides an indication of internal hydraulic performance but does not allow the 
assessment of internal reactor water chemistries since well samples were not collected during the 
tracer tests to conserve the tracer volume. To evaluate such internal water chemistries along the 
flow path, water samples from the twelve monitoring wells were collected during a variety of 
flow conditions. The collected water samples confirmed NO3-N concentrations decreased along 
the flow path (Figure 4a). The inlet NO3-N concentration was reduced to the detection limit by 
approximately half of the flow path length (or, approximately 13 m) for most sampling dates. 
Dissolved oxygen and ORP measured in the wells during a subset of events provided supporting 
evidence nitrate removal was due to denitrification. Anoxic conditions (< 0.5 mg DO L-1, 
Tchobanoglous et al., 2003) were generally achieved within the bioreactor, especially 
considering the likely occurrence of anoxic microsites on the woodchips as compared to the bulk 
solution which was measured in the monitoring wells (Figure 4b). Denitrification occurs between 
-50 to +50 mV ORP (YSI, 2008), and those conditions were met within the bioreactor at 





Figure 4. Nitrate-N concentrations (mg NO3-N L
-1) (a), dissolved oxygen (mg DO L-1) (b), and 
oxidation-reduction potential (mV) (c) observed in the 12 monitoring wells at the Advanced 
Bioreactor shown along the length of the estimated flow path. 
 
Nitrate-N removal along the flow path during the first sampling event (21 April 2017; orange 
circles, Figure 4a) was consistent with many other sampling events indicating that conditions 
suitable for denitrification had been achieved, especially in the early portions of the bioreactor. 
The subsequent sampling event on 09 May 2017 (yellow squares, Figure 4a) occurred after a 
total of 174 mm of rain during the preceding two weeks and an in-field pre-plant nitrogen 
fertilizer application on 25 April. The relatively higher inflow NO3-N concentration and 
potentially precipitation-induced flow fluctuation may account for the relatively lower N 
removal along the flow path on this date. The most notable deviation from most sampling events 
25 
 
was February 2018 when the estimated hydraulic retention time was 13 h and the corresponding 
DO, ORP, and nitrate data showed little evidence of conditions suitable for denitrification 
(Figure 4). This was the first flow event of 2018 and it is likely that low water temperatures were 
a confounding factor. 
 
3.2.2 Dissolved P Removal 
Although denitrifying bioreactors are an edge of field practice meant to reduce NO3-N loss, the 
Advanced Bioreactor also showed promising PO4-P removal. Of the water that passed through 
the bioreactor, 72 and 74% of the PO4-P load was removed per year, equating to P removal rates 
of 0.011 and 0.077 g P m-3 d-1 for the two periods, respectively (Table 5). When considering 
bypass flow, PO4-P loads were reduced by 24 and 23% in years 1 and 2, respectively, at the edge 
of the field (26.0 and 246 g P ha-1 removed, respectively; Table 5, Figure 5).  
 
Figure 5. Advanced Bioreactor influent and effluent PO4-P concentrations (mg P L
-1) (a) and 
cumulative PO4-P loads (kg P ha
-1) (b) for nearly two water years of monitoring. 
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Bioreactor influent PO4-P concentrations generally ranged from 0.01-0.75 mg P L
-1 (Figure 5) 
with the highest values corresponding with high flow events (end of March 2018), startup of 
flow after a dry period (mid-February 2018), and potentially higher water temperatures (e.g., 
inflow PO4-P concentrations reached greater than 0.50 several days during July 2017). A multi-
year P fertilizer application was applied in November 2017 (≈ 335 kg ha-1 triple superphosphate, 
45% analysis P2O5 = 66 kg P ha
-1). Elevated bioreactor inflow PO4-P concentrations were 
observed that fall and again in the spring when flow initiated (Figure 5a). During the no-flow 
period between those two periods, PO4-P concentrations were extremely high in standing water 
in the inflow control structure (10-102 mg PO4-P L
-1; data not shown), although this did not 
translate into an elevated load during this time due to no flow. Promisingly, effluent P 
concentrations have never been elevated above 0.44 mg PO4-P L
-1, even after this fertilizer 
application. While 170 of 384 inflow samples (44%) exceeded the recommended U.S. EPA 
concentration of 0.0763 mg P L-1 for streams and rivers in eco-region 6 (USEPA, 2007), only 29 
of 315 outflow samples (9%) exceeded this critical value. Moreover, 11 of these 29 sample 
events showed a reduction in PO4-P concentration across the bioreactor. The most notable 
exception to this was in March 2017 where elevated bioreactor outflow P concentrations may 
have been related to woodchip P leaching as the bioreactor was within its first several months of 
flow.  
 
Several previous bioreactor studies indicate woodchip bioreactors are initially a source of P, with 
potential for P removal over longer periods. Sharrer et al. (2016) found that following a P 
leaching period, DRP was removed at low flow rates (P removal: 28-35%). Husk et al. (2018) 
also reported initial woodchip P leaching, but later documented a soluble reactive P removal rate 
of 0.018 g m-3 d-1, similar to the observed rates here. A bioreactor study at a commercial fish 
farm in Denmark observed high PO4-P leaching during bioreactor start-up, but by week 15, there 
was no net release of total phosphorus or PO4-P (von Ahnen et al., 2016). Mechanisms of P 
removal in woodchip bioreactors potentially include enhanced biological P removal with the help 
of polyphosphate accumulating organisms and P sorption (Sathasivan, 2009; Sims et al., 1998). 
Despite a small initial P leaching event, the Advanced Bioreactor has consistently been a P sink, 
but further investigation into the longevity of and mechanisms causing this unexpected removal 




The Advanced Bioreactor design had greater effective volume and hydraulic efficiency, and 
lower dispersion and short-circuiting metrics compared to conventionally designed bioreactors. 
The tracer testing data indicated that this novel bioreactor with baffles facilitated more effective 
reactor volume utilization, but this did not necessarily translate into improved NO3-N removal. 
The overall performance of 23-24% N removal at the edge of the field was similar to many other 
published studies. Additionally, while this bioreactor was relatively wide to maximize the 
percentage of flow treated, only 40-41% of the annual flow volume was treated which is lower 
than many other studies. It is possible that a more conventionally-designed bioreactor in place of 
this novel design would have treated even less water, but this cannot be tested at the field scale 
due to the nature of full-size bioreactor field studies. The drainage system at this new research 
facility may have been inherently flashy which may have partially accounted for the lower than 
expected percentage of annual drainage volume treated and overall N load reduction. Regardless, 
tracer testing at this field-scale study of a denitrifying woodchip bioreactor with baffles indicated 
the idea of baffles is worth investigating at additional sites to improve the hydraulic performance 
of bioreactors treating tile drainage.  
 
The Advanced Bioreactor also provided an unexpected benefit of PO4-P removal. Further 
investigation into the mechanisms of this P removal and the ultimate fate of the removed P are 
important next steps. Further conservative tracer testing at additional denitrifying woodchip 
bioreactors is also suggested as these tests at the conventional bioreactors highlighted important 
nuances. For example, hydraulic properties can change over time (NERF bioreactor) and 
woodchip physical properties play an important role in bioreactor functioning (Mercer Co. 
bioreactor). Such further testing can help better inform bioreactor design models which are 
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APPENDIX A. – Dudley Smith Farm 
 
Figure 6.The northwest half of the drainage plots at the University of Illinois Dudley Smith Research Farm (green; 14.2 ha) drain to 





Figure 7. Aerial image of the Advanced Bioreactor detailing the well and baffle placement before the geofabric and soil cap was 





APPENDIX B. – Tracer Test 
Table 6. Listing of all potassium bromide (KBr) conservative tracer tests performed during this master’s project with the location, 
date, solution details, and explanation for unsuccessful tests. DSF is the Dudley Smith Farm with the Advanced Bioreactor at Pana, 
Illinois; NERF is Iowa State University Northeastern Research Farm at Nashua, Iowa. 
Tracer test Tracer date Mass of KBr Solution volume Explanation for unsuccessful tests 
 MM/DD/YY kg L  
Advanced 
Bioreactor, IL 
02/24/17 2.5 18.9 Autosampler timing was insufficient to capture 
the full tracer curve 
Advanced 
Bioreactor, IL 
03/10/17 3.5 18.9 Autosampler timing was adjusted but still 
insufficient to capture the full tracer curve 
Advanced 
Bioreactor, IL 
04/14/17 3.5 18.9 Autosampler timing was adjusted but still 
insufficient to capture the full tracer curve 
Advanced 
Bioreactor, IL 
05/17/17 3.5 18.9 Autosampler programming error resulting in 
multiple samples in a given bottle 
Advanced 
Bioreactor, IL 
05/30/17 4.5 18.9 Successful in-field test procedure, but 
unexplained spikes in the tracer curve 
NERF, IA 06/11/17 4.1 18.9 Flow data were not sufficiently recorded/verified 
in the field 
Advanced 
Bioreactor, IL 
03/07/18 3.5 18.9 Autosampler tubing failure resulting in 
insufficient samples collected 
IL FB Henry 
Co., IL 
03/13/18 1.0 8.0 Unexplained autosampler error 
** Following this test, grab sampling by hand 
was made mandatory for every test. **  
Advanced 
Bioreactor, IL 
03/20/18 3.5 18.9 Autosampler tubing failure resulted in insufficient 
data despite additional hand sampling 
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Table 6. (cont.)     








04/23/18 3.5 18.9 Successful tracer curve; Autosampling plus hand 
samples 
IL FB Henry 
Co., IL 
05/10/18 1.0 8.0 Unexplained autosampler error 
IL FB Henry 
Co., IL 
06/05/18 1.0 8.0 Successful tracer curve; Autosampling plus hand 
samples 








07/05/18 3.5 18.9 Autosampler timing was insufficient to capture 
the full tracer curve  
Advanced 
Bioreactor, IL 






Figure 8. Example screenshot of tracer testing metrics calculations performed for each tracer test based on the raw tracer and flow data 
(see below Figures 9.-14.). 
Figure 9. Raw tracer and flow data for the Advanced Bioreactor Tracer Test #1 (04/09/18). The green and blue highlighting refer to 
the calculation of Morrill Dispersion Index and the Short-circuiting Index, respectively (See Figure 6. above).  
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Figure 10. Raw tracer and flow data for the Advanced Bioreactor Tracer Test #2 (04/23/18). The green and blue highlighting refer to 




Figure 11. Raw tracer and flow data for the Advanced Bioreactor Tracer Test #3 (06/17/18). The green and blue highlighting refer to 






Figure 12. Raw tracer and flow data for the Iowa State University North Eastern Research Farm bioreactor tracer test (04/01/18). The 
green and blue highlighting refer to the calculation of Morrill Dispersion Index and the Short-circuiting Index, respectively (See 
Figure 6. above). 
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Figure 13. Raw tracer and flow data for the Henry Co. bioreactor tracer test (06/05/18). The green and blue highlighting refer to the 





Figure 14. Raw tracer and flow data for the Mercer Co. bioreactor tracer test (06/13/18). The green and blue highlighting refer to the 





APPENDIX C. – Advanced Bioreactor Well Sampling (Raw Data) 
Table 7. Advanced Bioreactor dissolved oxygen (DO) well values recorded in mg/L. The (---) indicate no samples were collected. 
Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 Well 7 Well 8 Well 9 Well 10 Well 11 Well 12 
2/26/2018 7.65 6.10 6.60 4.82 2.67 4.13 3.0 2.68 0.50 0.32 0.60 0.42 
3/12/2018 0.81 0.50 0.57 0.72 0.96 1.25 1.03 0.62 0.71 0.61 0.60 0.50 
3/19/2018 0.71 0.24 --- 0.47 0.83 0.30 0.94 0.24 0.33 0.41 0.40 --- 
4/30/2018 0.80 0.29 0.44 0.42 0.37 0.14 0.85 0.12 0.32 0.17 0.27 0.27 
5/29/2018 0.16 0.11 0.12 0.05 0.07 0.16 0.04 0.06 0.16 0.08 0.24 0.18 
6/28/2018 2.80 2.0 2.80 0.80 0.90 5.50 2.60 0.80 0.90 0.70 0.90 0.70 
8/6/2018 1.30 1.10 1.30 1.10 1.60 0.90 1.30 0.50 0.50 0.60 0.50 0.60 
Table 8. Advanced Bioreactor oxidation-reduction potential (ORP) well values recorded in mV. 
Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 Well 7 Well 8 Well 9 Well 10 Well 11 Well 12 
2/26/2018 225 211 220 226 228 226 228 218 215 163 170 132 
3/19/2018 -26.2 32.4 -82.3 -101 -114 -97.1 -90.3 -143 -134 -124 -101 -136
4/30/2018 249 222 196 40.4 -49.5 -41.1 -120 -86.4 -125 -130 -146 -122
5/29/2018 103 122 -87.3 -155 -172 -136 -178 -188 -225 -232 -222 -237
6/28/2018 15.6 60.1 -43.2 -4.9 -163 -119 -178 -208 -230 -231 -239 -240
8/6/2018 -174 -147 -149 -153 -140 -159 -146 -157 -146 -147 -149 -143
43 
Table 9. Advanced Bioreactor NO3-N well values recorded in mg N/L. Values at 0.01 mg N/L are at or below the analytical detection 
limit. The (---) indicate no samples were collected.  
Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 Well 7 Well 8 Well 9 Well 10 Well 11 Well 12 
4/14/2017 5.73 --- --- --- 2.69  ---  --- 3.01 --- --- 2.02 --- 
4/21/2017 4.78 4.78 4.77 2.08 0.03 1.89 0.43 0.08 0.01 0.01 0.01 
5/9/2017 6.61 6.60 6.67 5.85 4.74 5.72 5.14 4.87 3.79 3.33 4.50 2.89 
6/20/2017 0.09 0.15 0.18 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
2/26/2018 6.91 6.97 6.89 6.92 6.84 6.75 6.81 6.74 6.71 6.58 6.55 6.68 
3/8/2018 1.04 0.23 0.72 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 
3/19/2018 0.03 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.02 
4/30/2018 4.86 4.02 4.47 1.12 0.07 1.00 0.09 0.06 0.02 0.01 0.01 0.01 
5/29/2018 3.57 2.56 2.62 0.44 0.01 0.54 0.01 0.01 0.01 0.01 0.01 0.01 
6/27/2018 5.14 5.12 4.32 2.05 0.22 1.43 0.13 0.20 0.01 0.01 0.03 0.01 
8/6/2018 0.01 0.01 0.02 0.09 0.02 0.02 0.03 0.02 0.02 0.02 0.01 0.02 
Table 10. Advanced Bioreactor PO4-P well values recorded in mg P/L. The (---) indicate no samples were collected. 
Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 Well 7 Well 8 Well 9 Well 10 Well 11 Well 12 
4/14/2017 0.010 --- ---  --- 0.010 ---  --- 0.010 --- --- 0.010 --- 
4/21/2017 0.010 0.012 0.016 0.010 0.011 0.010 0.010 0.010 0.036 0.032 0.044 0.044 
5/9/2017 0.017 0.020 0.021 0.010 0.010 0.011 0.010 0.010 0.010 0.010 0.010 0.010 
6/20/2017 0.136 0.177 0.133 0.121 0.109 0.187 0.166 0.103 0.072 0.066 0.119 0.137 
2/26/2018 0.156 0.140 0.194 0.089 0.023 0.071 0.029 0.061 0.011 0.010 0.010 0.010 
3/8/2018 0.112 0.159 0.106 0.106 0.019 0.100 0.034 0.562 0.045 0.010 0.010 0.010 
3/19/2018 0.341 0.879 0.404 0.428 0.032 0.253 0.094 0.797 0.205 0.014 0.015 0.015 
4/30/2018 0.093 0.076 0.063 0.029 0.020 0.028 0.032 0.033 0.036 0.028 0.030 0.018 
5/29/2018 0.070 0.063 0.065 0.040 0.041 0.045 0.054 0.035 0.031 0.026 0.036 0.035 
6/27/2018 0.076 0.073 0.069 0.041 0.019 0.037 0.023 0.025 0.019 0.016 0.020 0.022 
8/6/2018 0.375 0.281 0.269 0.310 0.146 0.306 0.185 0.267 0.121 0.061 0.067 0.036 
